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The present invention discloses a semiconductor device and a
method for manufacturing the semiconductor device. The
semiconductor device includes a gate insulating layer formed
onan inner wall of a substrate recess, a work function material
layer formed on the gate insulating layer so as to apply a
tensile stress or a compressive stress to a channel of a MOS
field-effect transistor, and a gate metal formed on the work
function material layer. The method for manufacturing the
semiconductor device includes forming a work function
material layer on a gate insulating layer so as to apply a tensile
stress or a compressive stress to a channel of a MOS field-
effect transistor, wherein the gate insulating layer is formed
on an inner wall of a substrate recess, and depositing a gate
metal on the work function material layer.
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Fig. 1

Forming a work function material layer on a gate insulating layer
such that said work function material layer is capable of applying a
tensile stress or a compressive stress to a channel, wheren said S201
gate msulating layer 1s formed on an inner wall of a substrate
recess from which a dummy gate 1s removed

\d

Depositing a gate metal on said work function material layer S202

Fig. 2

Forming a gate msulating layer
on the inner wall of the substrate recess

S301
Y
Depositing, on said work function material layer, a gate metal S302
capable of applying a tensile stress to a channel

Fig. 3
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1
SEMICONDUCTOR DEVICE AND
MANUFACTURING METHOD THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to Chinese Patent Appli-
cation No. 201210398918.7 filed with SIPO on Oct. 19,2012
and entitled “Semiconductor Device and Manufacturing
Method thereof”, which is incorporated herein by reference in
its entirety.

FIELD OF THE INVENTION

The present disclosure relates to the field of semiconductor
technology, and more particularly to a semiconductor device
and method for manufacturing the same.

DESCRIPTION OF THE RELATED ART

Advance developments in the field of semiconductor tech-
nology have resulted in continuous reductions in the size of
the MOSFET (Metal-Oxide-Semiconductor Field-Effect
Transistor). However, a reduction in MOSFET size also leads
to a corresponding decrease in carrier mobility. The issue of
decreased carrier mobility has attracted significant attention
in the semiconductor industry, and numerous techniques for
increasing the carrier mobility of MOSFETs have been pro-
posed.

In some techniques, the carrier mobility may be increased
by applying a stress to a channel region of a MOSFET. For
example, the carrier mobility of a pMOSFET (p-type metal-
oxide-semiconductor field-effect transistor) may be
increased using a silicon germanium (SiGe) channel, which
induces a stress in the channel region of the pMOSFET. The
SiGe channel may be formed by implanting germanium (Ge)
ions into source and drain regions of the silicon (Si) substrate
of'the pMOSFET. However, currently it has not been verified
yet whether or not SiC channel region can enhance carrier
mobility of an n-type metal-oxide-semiconductor field-effect
transistor (nMOSFET).

In other techniques, the carrier mobility in a channel of a
MOSFET may be increased by forming a metal thin film in
the channel and performing ion implantation such that the
metal thin film applies a compressive stress to the channel.
Alternatively, filling bulk metal into the channel (for example,
filling p-type bulk metal into a p-type channel or n-type bulk
metal into an n-type channel) may also resultin a compressive
stress or a tensile stress being applied to the channel. Simi-
larly, filling a gate with a metal may also apply stress to the
channel and increase carrier mobility.

SUMMARY

The present disclosure is directed to address at least one of
the problems relating to decreased carrier mobility in a MOS-
FET.

In some embodiments of the present disclosure, the carrier
mobility of a channel of a MOSFET may be increased by
filling a gate structure of the MOSFET with materials that
apply stress to the channel.

According to some embodiments of the present disclosure,
a semiconductor device is provided, comprising a gate insu-
lating layer formed on an inner wall of a substrate recess, a
work function material layer formed on the gate insulating
layer so as to apply a tensile stress or a compressive stress to
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a channel of a MOS field-effect transistor, and a gate metal
formed on the work function material layer.

In some embodiments, the semiconductor device may
include a gate structure of an nMOS field-effect transistor,
and the work function material layer may include a first work
function material layer for applying a tensile stress to a chan-
nel of the nMOS field-effect transistor.

In some embodiments, the semiconductor device may
include a gate structure of a pMOS field-effect transistor, and
the work function material layer may include a second work
function material layer for applying a compressive stress to a
channel of the pMOS field-effect transistor.

In some embodiments, the semiconductor device may
include a barrier layer formed between the work function
material layer and the gate metal, and a second metal layer
formed on a surface common to the work function material
layer, the barrier layer, and the gate metal.

In some embodiments, the gate metal may be formed so as
to apply a tensile stress to the channel.

In some embodiments, the work function material layer
may include a work function material layer for an nMOS
field-effect transistor, and the work function material layer
may include TiAIN, a metal carbide, or a metal oxycarbide.

In some embodiments, the work function material layer
may include a work function material layer for a pMOS
field-effect transistor, and the work function material layer
may include TiN or Ta compounds.

In some embodiments, the second metal layer may include
TiAIN, TiAl, AL, Ti, or TiW, and the gate metal may include W
or TiW.

In some embodiments, the semiconductor device may
include a protection layer formed between the gate insulating
layer and the work function material layer so as to protect the
gate insulating layer.

According to some other embodiments of the present dis-
closure, a method for manufacturing a semiconductor device
is provided, the method comprising forming a gate insulating
layer on an inner wall of a substrate recess of a MOS field-
effect transistor, forming a work function material layer on
the gate insulating layer so as to apply a tensile stress or a
compressive stress to a channel of the MOS field-effect tran-
sistor, and depositing a gate metal on the work function mate-
rial layer.

In some embodiments, the semiconductor device may
include a gate structure of an nMOS field-effect transistor,
and the method of manufacturing the semiconductor device
may include forming the work function material layer so as to
apply a tensile stress to a channel of the nMOS field-effect
transistor.

In some embodiments, the semiconductor device may
include a gate structure of a pMOS field-effect transistor, and
the method of manufacturing the semiconductor device may
include forming the work function material layer so as to
apply a compressive stress to a channel of the pMOS field-
effect transistor.

In some embodiments, the semiconductor device may
include a gate structure of a CMOS field-effect transistor, and
the substrate recess of the CMOS field-effect transistor may
include a first recess for a pMOS field-effect transistor and a
second recess for an nMOS field-effect transistor.

In some embodiments, forming the work function material
layer on the gate insulating layer may include forming a first
work function material layer for the pMOS field-effect tran-
sistor on respective gate insulating layers of the first recess
and the second recess so as to apply a compressive stress to
the channel, etching off an upper portion of the first work
function material layer in the first recess and the first work
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function material layer in the second recess, and forming a
second work function material layer for the nMOS field-
effect transistor in the first recess and the second recess so as
to apply a tensile stress to the channel.

In some embodiments, forming the work function material
layer on the gate insulating layer may include depositing a
first work function material on the gate insulating layer, and
performing ion implantation on the first work function mate-
rial so as to increase the applied compressive stress.

In some embodiments, the gate metal is formed so as to
apply a tensile stress to the channel.

In some embodiments, the method of manufacturing the
semiconductor device may include depositing a barrier layer
between the work function material layer and the gate metal,
removing a portion of the work function material layer, the
barrier layer, and the gate metal, forming a second metal layer
on a surface common to the work function material layer, the
barrier layer, and the gate metal so as to reduce contact resis-
tance, and depositing an insulator on the gate insulating layer
and the second metal layer.

In some embodiments, forming the work function material
layer on the gate insulating layer may include forming a
protection layer on the gate insulating layer, and forming the
work function material layer on the protection layer.

According to some other embodiments of the present dis-
closure, a method for manufacturing a semiconductor device
having a gate structure of an nMOS field-effect transistor is
provided, the method comprising forming a gate insulating
layer on an inner wall of a substrate recess of the nMOS
field-effect transistor, forming a work function material layer
on the gate insulating layer, and depositing a gate metal on the
work function material layer so as to apply a tensile stress to
a channel of the nMOS field-effect transistor.

In some embodiments, forming the work function material
layer on the gate insulating layer may include forming a
protection layer on the gate insulating layer, and forming the
work function material layer on the protection layer.

Further features of the present disclosure will be apparent
based on the following detailed description of various
embodiments with reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a cross-sectional view of a semiconductor
device according to an embodiment of the present disclosure.

FIG. 2 shows a flowchart of a method for manufacturing
the semiconductor device of FIG. 1 according to an embodi-
ment of the present disclosure.

FIG. 3 shows a flowchart of a method for manufacturing
the semiconductor device of FIG. 1 according to another
embodiment of the present disclosure.

FIGS. 4A-41. show cross-sectional views of various stages
of a method for manufacturing a semiconductor device
according to an embodiment of the present disclosure.

FIGS. 5A-51 show cross-sectional views of various stages
of a method for manufacturing a semiconductor device
according to another embodiment of the present disclosure.

DESCRIPTION OF THE EMBODIMENTS

In the present disclosure, the term “semiconductor device”
refers to a device having one or more semiconductor materi-
als. The device may include a manufactured semiconductor
device product and/or an intermediate semiconductor device
product formed during a manufacturing or machining pro-
cess.
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FIG. 1 shows a cross-sectional view of a semiconductor
device according to an embodiment of the present disclosure.

As shown in FIG. 1, the semiconductor device includes a
gate insulating layer 101 formed on an inner wall of a recess
104 of a substrate 100, a work function material layer 102
formed on the gate insulating layer 101, and a gate metal 106
formed on the work function material layer 102 and filling the
recess 104. The gate insulating layer 101, the work function
material layer 102, and the gate metal 106 may be formed in
the order as stated above.

The recess 104 may be, for example, a recess formed in the
substrate 100 after removal of a dummy gate previously
formed in the recess 104.

In some embodiments, the work function material layer
102 may apply a tensile stress and/or a compressive stress to
achannel ofa MOSFET in the semiconductor device. In other
embodiments, the gate metal 106 may apply a tensile stress to
the channel. In some other embodiments, the work function
material layer 102 and the gate metal 106 may be combined to
apply a tensile stress and/or a compressive stress to the chan-
nel.

In some embodiments, the gate insulating layer 101 may be
formed of a high-k material. The high-k material generally
refers to a material having a dielectric constant k greater than
2.5, and may include HfO, HfZrO, HfSiON, or HfL.aO. The
gate insulating layer 101 may be formed using deposition
methods such as chemical vapour deposition (CVD). In some
embodiments, the gate insulating layer 101 may be formed
after removal of a dummy gate previously formed in the
recess 104. In other embodiments, the gate insulating layer
101 may be formed prior to the formation of the dummy gate
in the recess 104, such that the gate insulating layer 101 is
exposed after the removal of the dummy gate from the recess
104.

In some embodiments, the semiconductor device may
include a gate structure of an nMOS field-effect transistor or
a gate structure of a pMOS field-effect transistor. In other
embodiments, the semiconductor device may include gate
structures of a complementary metal oxide semiconductor
(CMOS) field-effect transistor, which include a gate structure
of an nMOS field-effect transistor and a gate structure of a
pMOS field-effect transistor. Depending on the type of gate
structures in the semiconductor device, the recess 104 may
include a first recess 104a for a pMOS field-effect transistor
and/or a second recess 1045 for an nMOS field-effect tran-
sistor. (See, e.g., FIG. 4A).

In some embodiments, if the semiconductor device
includes a gate structure of a pMOS field-effect transistor
(wherein the recess 104 includes a first recess 104a for the
pMOS field-effect transistor), the work function material
layer 102 may constitute a first work function material layer
102a. The first work function material layer 102¢ includes a
work function material for the pMOS field-effect transistor,
and the work function material may include, for example, TiN
or Ta compounds. In some embodiments, the first work func-
tion material layer 102a may apply a compressive stress to a
channel of the pMOS field-effect transistor.

The first work function material layer 1024 may be formed,
for example, using deposition methods such as chemical
vapour deposition (CVD) or atomic layer deposition (ALD).

In forming the first work function material layer 1024 (for
example, TiN) using CVD, the TiN may be deposited using
gases such as H,, N,, Ar, or TiCl,,, at a pressure 0of 300 Pa and
temperature of 500° C. At these deposition conditions, an
exemplary flow rate of the H, may be 48 sl/h (standard liter
per hour), an exemplary flow rate of the N, may be 24 sl/h, an
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exemplary flow rate of the Ar may be 1.8 sl/h, and an exem-
plary flow rate of the TiCl, may be 6.6 sl/h.

In forming the first work function material layer 102a (for
example, TiN) using ALD, the TiN may be deposited using
gases such as NH; or TiCl,, at a pressure of 0.1 Torr and
temperature of 450° C.

In the above embodiments, the work function material
layer 102 (i.e., the first work function material layer 102a
deposited using CVD or ALD) of the pMOS field-effect tran-
sistor may apply a compressive stress to the channel of the
pMOS field-effect transistor, thereby increasing carrier
mobility of the channel of the pMOS field-effect transistor.
Additionally, by locating the work function material layer
102 close to the channel of the pMOS field-effect transistor,
the compressive stress can be effectively applied to the chan-
nel of the pMOS field-effect transistor.

In some embodiments, if the semiconductor device
includes a gate structure of an nMOS field-effect transistor
(wherein the recess 104 includes a second recess 1045 for the
nMOS field-effect transistor), the work function material
layer 102 may constitute a second work function material
layer 1025. The second work function material layer 1025
includes a work function material for the nMOS field-effect
transistor, and the work function material may include, for
example, TiAIN, a metal carbide, or a metal oxycarbide. In
some embodiments, the second work function material layer
1025 may apply a tensile stress to a channel of the nMOS
field-effect transistor. The second work function material
layer 1025 may be formed, for example, using deposition
methods such as chemical vapour deposition (CVD) or
atomic layer deposition (ALD).

In forming the second work function material layer 1025
(for example, TiAIN) using CVD, the TiAIN may be depos-
ited using gases such as TiCl,, NH;, N,, or TMA (Trimethy-
lamine), at a pressure of 2660 Pa and temperature of 680° C.
At these deposition conditions, an exemplary flow rate of the
TiCl, may be 40 sccm (standard cubic centimeters per
minute), an exemplary flow rate of the NH; may be 60 sccm,
an exemplary flow rate of the N, may be 3000 sccm, and an
exemplary flow rate of the TMA may be 10 sccm.

In forming the second work function material layer 1025
(for example, TiC) using CVD, the TiC may be deposited
using gases such as TiCl, and C;Hg, at a pressure of 1000 Pa
and temperature of 560° C. At these deposition conditions, an
exemplary flow rate of the TiCl, may be 40 sccm, and an
exemplary flow rate of the C;Hg may be 200 scem.

In the above embodiments, the work function material
layer 102 (i.e., the second work function material layer 1025
deposited using CVD or ALD) of the nMOS field-effect tran-
sistor may apply a tensile stress to the channel of the nMOS
field-effect transistor, thereby increasing carrier mobility of
the channel of the nMOS field-effect transistor. Additionally,
by locating the work function material layer 102 close to the
channel of the nMOS field-effect transistor, the tensile stress
can be effectively applied to the channel of the nMOS field-
effect transistor.

In some embodiments, if the semiconductor device
includes both a gate structure of an nMOS field-effect tran-
sistor and a gate structure of a pMOS field-effect transistor
(wherein the recess 104 includes a first recess 104a for the
pMOS field-eftect transistor and a second recess 1045 for the
nMOS field-effect transistor), the work function material
layer 102 may include a first work function material layer
102a and a second work function material layer 1025.

In some embodiments, the gate metal 106 may be formed
so as to apply a tensile stress to the channel of the nMOS
field-effect transistor. The gate metal 106 may be formed of,
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for example, W or TiW. The gate metal 106 may be formed
using deposition methods such as chemical vapour deposition
(CVD) or atomic layer deposition (ALD).

In forming the gate metal 106 (for example, W) using
CVD, the W may be deposited using gases suchas WF, SiH,
or H,, at a pressure of 0.05-0.3 Torr and temperature of
250-600° C. In this embodiment, the work function material
layer 102 may be formed as being of a low stress. In the above
embodiments, the gate metal 106 may apply a tensile stress to
the channel of the nMOS field-effect transistor, thereby
increasing carrier mobility of the channel of the nMOS field-
effect transistor.

In a semiconductor device having a work function material
layer 102 that includes a first work function material layer
102a and a second work function material layer 1025, the
work function material layer 102 may apply a tensile stress
and/or a compressive stress to the channels formed between
the gate insulating layer and the gate metal, so as to increase
the carrier mobilities of the respective channels of the nMOS
field-effect transistor and/or the pMOS field-effect transistor.
Additionally, a gate metal for applying a tensile stress to the
channel of the nMOS field-effect transistor may be formed on
the gate insulating layer and the work function material layer,
s0 as to increase the carrier mobility of the nMOS field-effect
transistor.

FIG. 2 shows a flowchart of a method for manufacturing
the semiconductor device of FIG. 1 according to an embodi-
ment of the present disclosure. As shown in FIG. 2, the
method for manufacturing the semiconductor device of FIG.
1 may include the following steps.

At step S201, the gate insulating layer 101 is formed on the
inner wall of the substrate recess 104, and the work function
material layer 102 is formed on the gate insulating layer 101.

At step S202, the gate metal 106 is deposited on the work
function material layer 102.

In the example of FIG. 2, the work function material layer
102 may apply a tensile stress and/or a compressive stress to
the channels formed between the gate insulating layer 101
and the gate metal 106, so as to increase the carrier mobilities
of the respective channels of a pMOS field-effect transistor
and/or nMOS field-effect transistor.

FIG. 3 shows a flowchart of a method for manufacturing
the semiconductor device of FIG. 1 according to another
embodiment of the present disclosure. As shown in FIG. 3, the
method for manufacturing the semiconductor device of FIG.
1 may include the following steps.

At step S301, the gate insulating layer 101 is formed on the
inner wall of the substrate recess 104, and the work function
material layer 102 is formed on the gate insulating layer 101.

At step S302, the gate metal 106 is deposited on the work
function material layer 102.

In the example of FIG. 3, the gate metal 106 may apply a
tensile stress to the channel formed between the gate insulat-
ing layer 101 and the work function material layer 102, so as
to increase carrier mobility of an nMOS field-eftect transistor.

The cross-sectional views of FIGS. 4A-4L illustrate a
method for manufacturing a semiconductor device according
to an embodiment of the present disclosure. The semiconduc-
tor device of FIGS. 4A-4L includes a gate structure of an
nMOS field-effect transistor and a gate structure of an pMOS
field-effect transistor (i.e. the semiconductor device of FIGS.
4A-41. includes a CMOS field-effect transistor).

As shown in FIG. 4A, the recess 104 includes a first recess
104a for the pMOS field-effect transistor and a second recess
10454 for the nMOS field-effect transistor. The recess 104 may
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include recesses remaining in the substrate 100 after removal
of one or more dummy gates previously formed in the
recesses.

As shown in FIG. 4B, a gate insulating layer 101 is formed
on an inner wall of the recess 104 of the substrate 100.
Reference may be made to the description of the embodiment
shown in FIG. 1 for the materials contained in the gate insu-
lating layer 101 and the formation method thereof. The sub-
strate 100 may be, for example, a silicon substrate.

Next, as shown in FIGS. 4C-4G, a work function material
layer 102 is formed on the gate insulating layer 101. As
previously described, if the semiconductor device includes
gate structures of a CMOS field-effect transistor, the work
function material layer 102 may include a first work function
material layer 102a for the pMOS field-effect transistor and a
second work function material layer 1026 for the nMOS
field-effect transistor.

As shown in FIG. 4C, the first work function material layer
102a is formed on the gate insulating layers 101 in the first
recess 104a and the second recess 1045. The first work func-
tion material layer 102a may include a work function material
for a pMOS field-effect transistor, and the work function
material may include, for example, TiN or Ta compounds.
The first work function material 102¢ may be formed so as to
apply a compressive stress to the channel of the pMOS field-
effect transistor. Reference may be made to the previous
description of the embodiment shown in FIG. 1 for a forma-
tion method of the first work function material layer 102a.

As shown in FIG. 4D, ion implantation is performed on the
first work function material layer 102« so as to increase the
compressive stress applied to the channel. In some embodi-
ments, the ion implantation dosage may vary between 10'%/
cm? to 10'7/cm®, and the implantation energy may vary
between 100 eV (0.1 keV) to 500000 eV (500 keV). The
implanted ions may include, for example, ions of elements
such as aluminium (Al), barium (Ba), chromium (Cr), cobalt
(Co), hafnium (Hf), iridium (Ir), iron (Fe), lanthanum (La)
and other lanthanum series elements, molybdenum (Mo),
niobium (Nb), osmium (Os), palladium (Pd), platinum (Pt),
rhenium (Re), ruthenium (Ru), rhodium (Rh), scandium (Sc),
strontium (Sr), tantalum (Ta), titanium (T1), tungsten (W),
vanadium (V), yttrium (Y), zinc (Zn), zirconium (Zr), nitro-
gen (N), xenon (Xe), argon (Ar), neon (Ne), krypton (Kr),
niton (Rn), or carbon (C). In some embodiments, the ion
implantation step of FIG. 4D may be an optional step in the
manufacture of the semiconductor device.

As shown in FIG. 4E, a mask 103 is formed over the bottom
of'the first work function material layer 1024 in the firstrecess
104a. The mask 103 allows unmasked areas to be selectively
etched. The mask 103 may be formed of, for example, a
photoresist material.

Next, as shown in FIG. 4F, an upper portion of the first
work function material layer 1024 in the first recess 104a, and
the first work function material layer 102a in the second
recess 1045, are etched using known semiconductor process-
ing techniques such as dry etching.

As shown in FIG. 4G, a second work function material
layer 10254 is formed on the etched structure remaining in the
first recess 104a and the second recess 1045. The second work
function material layer 1026 may include a work function
material layer for an nMOS field-effect transistor, and the
work function material may include, for example, TiAIN, a
metal carbide, or a metal oxycarbide. The second work func-
tion material layer 1025 may be formed so as to apply a tensile
stress to the channel of the nMOS field-effect transistor. Ref-
erence may be made to the previous description of the
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embodiment shown in FIG. 1 for the formation method of the
second work function material layer 1025.

Next, as shown in FIG. 4H, a barrier layer 105 is formed on
the second work function material layer 1025. The barrier
layer 105 can prevent subsequently deposited materials from
diffusing into the second work function material layer 1025.
The barrier layer 105 may be formed of, for example, TiN or
TaN. The barrier layer 105 may be formed using deposition
methods such as CVD or ALD. The barrier layer 105 may be
formed so as to apply a low stress. In some embodiments, the
formation of the barrier layer 105 may be an optional step in
the manufacture of the semiconductor device.

Next, as shown in FIG. 41, a gate metal 106 is deposited on
the barrier layer 105. The gate metal 106 may be formed so as
to apply a tensile stress to the channel of the nMOS field-
effecttransistor. Referring to FIG. 41, the gate metal 106 in the
first recess 104a is shown located further away from the
channel of the nMOS field-effect transistor than the gate
metal 106 in the second recess 1045. As a result, the tensile
stress applied to the channel of the nMOS field-effect tran-
sistor is primarily due to the gate metal 106 in the second
recess 1045. Reference may be made to the previous descrip-
tion of the embodiment shown in FIG. 1 for the material
contained in the gate metal 106 and the formation method
thereof.

With reference to the gate structure of the pMOS field-
effect transistor shown in FIG. 41, the compressive stress
applied to the channel of the pMOS field-effect transistor is
primarily generated by the first work function material layer
1024 in the first recess 104a located nearest to the channel of
the pMOS field-effect transistor. Although both the second
work function material layer 1026 and the gate metal 106
generate a tensile stress in opposition to the compressive
stress applied by the first work function material layer 1024,
the second work function material layer 10254 and the gate
metal 106 are separated from the channel of the pMOS field-
effect transistor by the first work function material layer
102a, and are located further away from the channel of the
pMOS field-effect transistor than the first work function
material layer 102a. As a result, the compressive stress
applied to the channel of the pMOS field-effect transistor by
the first work function material layer 102a dominates over the
tensile stress applied by the second work function material
layer 1025 and the gate metal 106 to the channel of the pMOS
field-effect transistor.

With reference to the gate structure of the nMOS field-
effect transistor shown in FIG. 41, the tensile stress applied to
the channel of the nMOS field-effect transistor is primarily
generated by the second work function material layer 1025
and/or the gate metal 106 located nearest to the channel of the
nMOS field-effect transistor.

As shown in FIG. 4], chemical-mechanical planarization/
polishing (CMP) is performed prior to depositing a second
metal layer 107 (shown in F1G. 4K). The purpose of the CMP
is to planarize a surface formed by the gate metal 106, the
barrier layer 105, the second work function material layer
1024, and the gate insulating layer 101. In some embodi-
ments, the CMP of FIG. 4] may be an optional step in the
manufacture of the semiconductor device.

Next, as shown in FIG. 4K, a second metal layer 107 is
deposited on a planar surface common to the gate metal 106,
the barrier layer 105, and the second work function material
layer 1024, so as to reduce contact resistance of the gate
structures. The second metal layer 107 may be formed of;, for
example, TiAl, Al, TiAIN, Ti, or TiW. The second metal layer
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107 may be formed using deposition methods such as CVD or
ALD. In some embodiments, the second metal layer 107 may
be optionally formed.

Lastly, as shown in FIG. 41, an insulating material 108 is
used to fill a gap of the recesses 104a and 1045. The insulating
material may include, for example, a mixture of SiN and
SiON, a mixture of SiN and SiOCN, a mixture of SiON and
SiOCN, or SiON or other similar insulating materials. In
some embodiments, the filling of the gap with the insulating
material 108 may be optional.

The steps described with reference to FIGS. 4A-4L. may be
performed in series or in parallel to form gate structures for
the pMOS field-effect transistor and the nMOS field-effect
transistor of a CMOS field-effect transistor. As previously
described, the gate material of the pMOS field-effect transis-
tor may apply a compressive stress to the channel of the
pMOS field-effect transistor, and the gate material of the
nMOS field-effect transistor may apply a tensile stress to the
channel of the nMOS field-effect transistor. Thus, carrier
mobilities of the pMOS field-effect transistor and nMOS
field-effect transistor can be increased using the above-de-
scribed gate materials.

Next, a method for manufacturing a semiconductor device
according to another embodiment of the present disclosure
will be described with reference to FIGS. SA-51.

In contrast to the embodiment described with reference to
FIGS. 4A-4L, the embodiment described with reference to
FIGS. 5A-51 includes a protection layer 501 formed between
the gate insulating layer and the work function material layer,
for protecting the gate insulating layer containing the high-k
material. Additionally, an etching stop layer 502 may be
formed on the protection layer 501 to protect the protection
layer 501 from damage during the etching process. Although
the semiconductor device of FIGS. 5A-5I includes a CMOS
field-effect transistor, one of ordinary skill in the art would
readily appreciate that the processes for forming the protec-
tion layer 501 and the etching stop layer 502 may be sepa-
rately applied for a stand-alone nMOS field-effect transistor
or a stand-alone pMOS field-effect transistor.

As shown in FIG. 5A, the recess 104 of the substrate 100
includes a first recess 104a for the pMOS field-effect transis-
tor and a second recess 1045 for the nMOS field-effect tran-
sistor. The substrate 100 may be, for example, a silicon sub-
strate.

As shown in FIG. 5B, a gate insulating layer 101 is formed
on an inner wall of the recess 104 of the substrate 100.
Reference may be made to the previous description of the
embodiment shown in FIG. 1 for the materials contained in
the gate insulating layer 101 and the formation method
thereof.

Next, as shown in FIG. 5C, a protection layer 501 is formed
on the gate insulating layer 101 to protect the gate insulating
layer 101 from damage during subsequent processes such as
etching and oxidation. The protection layer 501 may apply a
compressive stress to the channel of the pMOS field-effect
transistor. The protection layer 501 may be formed of, for
example, TiN, using deposition methods such as ALD. For
example, a protection layer 501 comprising TiN may be
deposited using gases such NH; and TiCl,, at a pressure 0f 0.1
Torr and temperature of 450° C.

Next, as shown in FIG. 5D, an etching stop layer 502 is
formed on the protection layer 501. The etching stop layer
502 can protect the protection layer 501 from damage during
subsequent etching processes. The etching stop layer 502
may be formed of, for example, TaAl, using deposition meth-
ods such as ALD. For example, an etching stop layer 502
comprising TaAl may be deposited using gases such as
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Ta(OC,Hy); (tantalum ethoxide) or aluminium trimethide, at
a pressure of 0.1 Torr and temperature of 450° C. In some
embodiments, the etching stop layer 502 may be optionally
formed.

Next, as shown in FIGS. SE-51, the work function material
layer 102 is formed. As previously described, if the semicon-
ductor device includes gate structures for a CMOS field-
effect transistor, the work function material layer 102 may
include a first work function material layer 102a and a second
work function material layer 1024.

As shown in FIG. 5E, the first work function material layer
102a is formed on the etching stop layer 502. The first work
function material layer 102a includes a work function mate-
rial for a pMOS field-effect transistor, and the work function
material may include, for example, TiN or Ta compounds.
The first work function material layer 102¢ may apply a
compressive stress to the channel of the pMOS field-effect
transistor. Reference may be made to the previous description
ofthe embodiment shown in FIG. 1 for the formation method
of' the first work function material layer 102a.

As shown in FIG. 5F, ion implantation is performed on the
first work function material layer 102« so as to increase the
applied compressive stress. Reference may be made to the
previous description of the embodiment shown in FI1G. 4D for
examples of the implanted ions and the ion implantation
method. In some embodiments, the ion implantation of FIG.
5F may be an optional step in the manufacture of the semi-
conductor device.

As shown in FIG. 5G, the bottom of the first work function
material layer 1024 in the first recess 104a is next covered by
a mask 103. The mask 103 can allow unmasked areas to be
selectively etched during an etching process. The mask 103
may be formed of, for example, a photoresist material.

As shown in FIG. S5H, an upper portion of the first work
function material layer 102a, the etching stop layer 502, and
the protection layer 501 in the first recess 104a are etched, and
the first work function material layer 102a in the second
recess 1044 is etched. As previously described, the etching
may be implemented using known techniques such as dry
etching. During the etching process, the etching stop layer
502 can protect the protection layer 501 from damage.

As shown in FIG. 5], the second work function material
layer 1025 is formed on the first recess 104a and the second
recess 1045. The second work function material layer 1025
includes a work function material for an nMOS field-effect
transistor, and the work function material may include, for
example, TiAIN, a metal carbide, or a metal oxycarbide. The
second work function material layer 1025 may apply a tensile
stress to the channel of the nMOS field-effect transistor. Ref-
erence may be made to the previous description of the
embodiment shown in FIG. 1 for the formation method of the
second work function material layer 1025.

After the second work function material layer 10256 has
been formed, the steps of forming the barrier layer 105 and the
gate metal 106, performing chemical-mechanical polishing/
planarization, forming the second metal layer 107, and filling
the gaps of the recess with insulating material 108 may be
carried out using, for example, the method previously
described with reference to FIGS. 4H-4L.

As previously described, the protection layer 501 may
apply a compressive stress to the channel of the nMOS field-
effect transistor. However, the second work function material
layer 1025 and the gate metal 106 may both apply a tensile
stress to the channel of the nMOS field-effect transistor. Addi-
tionally, the gate metal 106 may be relatively thick (compared
to the protection layer 501) such that the tensile stress applied



US 9,293,550 B2

11
by the gate metal 106 to the channel of the nMOS field-effect
transistor dominates over the compressive stress applied by
the protection layer 501.

In the embodiment described with reference to FIGS.
5A-5], the gate insulating layer 101 containing high-k mate-
rial may be further protected so as to improve the reliability
and performance of the semiconductor device.

Various embodiments of the present disclosure have been
described above with reference to FIGS. 1-3, FIGS. 4A-4L,
and FIGS. 5A-51. Although the figures illustrate forming the
field-effect transistor of a planar structure, the above-de-
scribed embodiments are likewise applicable to the field-
effect transistor of a Fin structure (FinFET) for solving the
problem of reduced carrier mobility in the Fin structure. Since
the structure and processes for the planar structure and the Fin
structure share similar aspects that are known and understood
by one of ordinary skill in the art, descriptions of the field-
effect transistor of the Fin structure and the manufacturing
process thereof will not be described in the present disclosure.
Nevertheless, the present invention includes the embodi-
ments for the field-effect transistor of a planar structure as
well as embodiments for the field-effect transistor of a Fin
structure.

The method and the semiconductor device of the present
disclosure may be realized in different ways, as one of ordi-
nary skill in the art would appreciate. The above sequences of
the steps of the disclosed methods are merely illustrative, and
the present invention is not limited to the described sequences
unless specifically stated otherwise.

The above-described embodiments are not intended to
limit the present invention, and any modifications, equivalent
replacements, or improvements made within the spirit and
principle of the present invention fall within the scope of the
present invention.

What is claimed is:

1. A semiconductor device, comprising:

a gate insulating layer selectively formed on an inner wall
of a silicon substrate recess;

a work function material layer directly formed on the gate
insulating layer so as to apply a tensile stress or a com-
pressive stress to a channel of a MOS field-effect tran-
sistor;

a gate metal formed on the work function material layer;
and

a barrier layer formed between the work function material
layer and the gate metal.

2. The semiconductor device according to claim 1 further
comprising a gate structure of an nMOS field-effect transis-
tor, and the work function material layer comprises a first
work function material layer for applying a tensile stress to a
channel of the nMOS field-effect transistor.

3. The semiconductor device according to claim 1 further
comprising a gate structure of a pMOS field-effect transistor,
and the work function material layer comprises a second work
function material layer for applying a compressive stress to a
channel of the pMOS field-effect transistor.

4. The semiconductor device according to claim 1, further
comprising:

a second metal layer formed on a surface common to the
work function material layer, the barrier layer, and the
gate metal.

5. The semiconductor device according to claim 1, wherein

the gate metal is formed so as to apply a tensile stress to the
channel.
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6. The semiconductor device according to claim 1, further
comprising:

a protection layer formed between the gate insulating layer
and the work function material layer so as to protect the
gate insulating layer.

7. A semiconductor device having a gate structure of an
nMOS field-effect transistor, the semiconductor device com-
prising:

a gate insulating layer selectively formed on an inner wall

of a silicon substrate recess;

a work function material layer directly formed on the gate
insulating layer; and

a gate metal formed on the work function material layer so
as to apply a tensile stress to a channel of the nMOS
field-effect transistor; and

a barrier layer formed between the work function material
layer and the gate metal.

8. The semiconductor device according to claim 7, further

comprising:

a second metal layer formed on a surface common to the
work function material layer, the barrier layer, and the
gate metal.

9. The semiconductor device according to claim 7, wherein
the work function material layer is formed so as to apply a
tensile stress to the channel, and the work function material
layer includes TiAIN, a metal carbide, or a metal oxycarbide.

10. The semiconductor device according to claim 7, further
comprising:

a protection layer formed between the gate insulating layer
and the work function material layer so as to protect the
gate insulating layer.

11. A method for manufacturing a semiconductor device,

comprising:

selectively forming a gate insulating layer on an inner wall
of a silicon substrate recess of a MOS field-effect tran-
sistor;

forming a work function material layer directly on the gate
insulating layer so as to apply a tensile stress or a com-
pressive stress to a channel of the MOS field-effect tran-
sistor;

depositing a gate metal on the work function material layer,
and

forming a barrier layer between the work function material
layer and the gate metal.

12. The method according to claim 11, wherein the semi-
conductor device includes a gate structure of an nMOS field-
effect transistor, and forming the work function material layer
so as to apply a tensile stress to a channel of the nMOS
field-effect transistor.

13. The method according to claim 11, wherein the semi-
conductor device includes a gate structure of a pMOS field-
effect transistor, and forming the work function material layer
s0 as to apply a compressive stress to a channel of the pMOS
field-effect transistor.

14. The method according to claim 11, wherein the semi-
conductor device includes a gate structure of a CMOS field-
effect transistor, and the substrate recess includes a first recess
for a pMOS field-effect transistor and a second recess for an
nMOS field-effect transistor; and

forming the work function material layer on the gate insu-
lating layer comprises:

forming a first work function material layer for the pMOS
field-effect transistor on respective gate insulating layers
of the first recess and the second recess, so as to apply a
compressive stress to the channel;
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etching off an upper portion of the first work function
material layer in the first recess and the first work func-
tion material layer in the second recess; and

forming a second work function material layer for the

nMOS field-effect transistor in the first recess and the
second recess, so as to apply a tensile stress to the chan-
nel.

15. The method according to claim 11, wherein forming the
work function material layer on the gate insulating layer
comprises:

depositing a first work function material on the gate insu-

lating layer; and

performing ion implantation on the first work function

material so as to increase the applied compressive stress.

16. The method according to claim 11, further comprising
forming the gate metal so as to apply a tensile stress to the
channel.

17. The method according to claim 11, further comprising:

removing a portion of the work function material layer, the

barrier layer, and the gate metal;
forming a second metal layer on a surface common to the
work function material layer, the barrier layer, and the
gate metal, so as to reduce contact resistance; and

depositing an insulator on the gate insulating layer and the
second metal layer.
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18. The method according to claim 11, wherein forming the
work function material layer on the gate insulating layer
comprises:

forming a protection layer on the gate insulating layer; and

forming the work function material layer on the protection

layer.

19. A method for manufacturing a semiconductor device
having a gate structure of an nMOS field-effect transistor, the
method comprising:

selectively forming a gate insulating layer on an inner wall

of a silicon substrate recess of the nMOS field-effect
transistor;

forming a work function material layer directly on the gate

insulating layer; and

depositing a gate metal on the work function material layer

so as to apply a tensile stress to a channel of the nMOS
field-effect transistor, and

forming a barrier layer between the work function material

layer and the gate metal.

20. The method according to claim 19, wherein forming the
work function material layer on the gate insulating layer
comprises:

forming a protection layer on the gate insulating layer; and
forming the work function material layer on the protection
layer.



